A novel, non-disruptive technique to measure transverse beam shapes was recently demonstrated by the LHCb experiment at the Large Hadron Collider (LHC). The technique is based on the detection of beam-gas interaction vertices with a tracking detector and was used in LHCb to obtain a 1.4% precision on the luminosity calibration. A new device, the Beam-Gas Vertex (BGV) system, is now under development to perform dedicated beam size measurements at the LHC at any beam energy and intensity. This technique could be applied to other particle accelerators. The BGV tracking detectors will be based on scintillating fibre modules read out by silicon photomultipliers. These modules are very similar in performance requirements and environmental constraints to the fibre tracker modules of the LHCb Upgrade and are therefore developed in close cooperation. The design studies, selected R&D results and the expected performance of the BGV demonstrator system are presented.
Introduction
A luminosity calibration is required at every new centre-of-mass energy √ s in order to evaluate the integrated luminosity of an acquired dataset. This calibration has to be performed at each experiment at the Large Hadron Collider (LHC). The instantaneous luminosity is a function of the colliding bunch pair properties and is given by
with Ω the beam overlap integral, ν rev the collider revolution frequency and N 1 , N 2 the number of particles in a bunch in beam 1 and 2, respectively. In the limit of ultra-relativistic particles (velocity close to the speed of light, v ≈ c) and crossing at small angle, the beam overlap integral is given by Ω = 2c ρ 1 (x, y, z,t) ρ 2 (x, y, z,t) dx dy dz dt .
( 1.2) with ρ 1 (x, y, z,t) and ρ 2 (x, y, z,t) the particle density distributions of the two bunches.
The overlap integral is measured in dedicated experiments using two independent methods. The first method, the "van der Meer" scan method [1] [2] [3] [4] [5] , measures the overlap integral by scanning the beams across each other in the vertical and horizontal plane. In this method the key principle is to express the overlap integral in terms of rates that are experimental observables as opposed to measure the bunch density functions directly. The second method, called "beam-gas imaging" (BGI) [1, 6] , is based on beam-gas interactions vertices to measure the angles, positions and shapes of the individual beams without displacing them. The BGI method is, to date, a unique capability of the LHCb 1 experiment.
The LHCb experiment is one of the four main experiments at the LHC at CERN [7, 8] (European Organization for Nuclear Research). The experiment is dedicated to heavy-flavor physics, mainly to study CP violation and rare decays of charm and beauty hadrons; it is located in the former Delphi cavern at the LHC intersection point 8. The relatively small mass of charm and beauty hadrons compared to the center-of-mass energy at the LHC, results in particle production concentrated in the forward or backward regions in a cone close to the beam pipe. To optimize the study of their decays, the detector is a single-arm spectrometer covering a forward angle of about 300 mrad. The detector geometry, which is optimized in the pseudorapidity range 1.8 < η < 4.9, provides an almost ideal configuration to analyze beam-gas interactions.
An overview of the detector layout and its components is shown in Fig. 1 . The VErtex LOcator (VELO) surrounds the interaction point (on the left in Fig. 1 ). The detector components with increasing distance to the collision point are the first ring-imaging Cherenkov (RICH) detector (RICH1), the tracker turicensis (TT), the magnet, the tracking stations (T1-T3), the second RICH detector (RICH2), the calorimeter system, which is composed of the scintillating pad detector (SPD), the pre-shower detector (PS) and the electromagnetic and hadronic calorimeters (ECAL and HCAL), and finally the muon stations (M1-M5).
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Beam-gas Imaging method
The knowledge of the three-dimensional bunch shapes ρ 1,2 are required to evaluate the overlap integral defined in Eq. (1.2). The principle of the BGI method is to evaluate the overlap integral by measuring all required beam observables using the spatial distributions of beam-gas and beam-beam interactions.
During fills dedicated to luminosity measurements the normal vacuum pressure at the interaction point is ∼ 10 −9 mbar, producing a beam-gas trigger rate of about 0.5 Hz per 10 11 protons. Performing a BGI measurement with such low rates necessitates integration of a measurement over a period of up to 8 hours. Significant limitations in the precision are then caused by the low event rate, beam drift and by emittance growth over the integration time.
To increase the rate further and to take full advantage of the BGI capabilities, the use of a gas injection system was proposed [6] , developed and commissioned in the LHCb experiment [9] . When activating the system, neon gas is injected in the VELO, thus raising the pressure from about 10 −9 mbar to slightly above 10 −7 mbar. The effect of gas injection on the pressure and beam-gas interaction rate is shown in Fig. 2 . The pumps near the interaction point are switched off during the gas injection. With the trigger configuration chosen for pp collisions at √ s = 8 TeV, the beam-gas event rates per 10 11 protons were 98 Hz for beam 1 and 82 Hz for beam 2.
Vertex positions measured with the main LHCb silicon tracking detector (VELO) have an accuracy ranging from 10 µm to 50 µm depending on the vertex z position along the beam axis, the number of reconstructed tracks, and whether the vertex originated from a beam-beam or beamgas interaction. The vertex resolution is therefore measured and parametrized independently for beam-beam interactions and beam-gas interactions for both beams as a function of track multiplicity,
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Beam profile measurements based on modern vertex detectors and beam-gas interactions Colin Barschel . This is, to date, the most precise luminosity calibration at the LHC and in any other bunched-beam proton collider. The precision reached in the beam-gas imaging measurements of the overlap integral relies on the gas injection system. The increased rate not only allowed the reduction of the integration time, but also permitted a two-dimensional shape analysis to be performed and provided a better accuracy in the resolution.
In addition to the beam shape measurement, the BGI method is also used to measure the charge fraction circulating outside of nominally filled bunches. This fraction is used to correct the bunch population product [10] and is an important information for all luminosity calibration fills.
Beam Gas Vertex detector
In light of the performances reached with the BGI method at LHCb, a new detector based on the beam-gas method is being developed to measure the beam size for the LHC. The Beam Gas Vertex (BGV) detector is designed as a non-disruptive device with the aim to measure individual
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bunch widths with a 5% accuracy within 1 minute and to measure the average beam width with an accuracy of 2% within 1 minute [11] . The detector should be able to provide beam measurements throughout the LHC cycle including during the LHC energy ramp.
A collaboration between CERN, EPFL Lausanne, and RWTH Aachen has been formed to design and develop a prototype BGV detector that will be installed on one beam in the LHC. The general layout of the BGV system is shown in Fig. 5 . The detector will use scintillating fibre (SciFi) modules, read out by silicon photomultipliers (SiPM). The modules are developed by the institutes EPFL, Lausanne and RWTH, Aachen. The detector technology is based on other projects from these institutes and, in particular, is used for the LHCb upgrade [12, 13] .
In a similar way as for the LHCb experiment, the precision reached in the beam width measurement is essentially dictated by two main requirements, which are a precise vertex resolution and a sufficient beam-gas event rate. The number N good of events selected for a bunch width measurement can be estimated with
with f good the retention fraction of suitabe events, R inel the proton-gas inelastic rate and ∆t the integration time. The retention fraction depends on the detector acceptance and the rate depends on the gas pressure in the gas target and on the gas type. With an operational pressure of 6 × 10 −8 mbar of neon and with a nominal LHC bunch intensity of 1.15 × 10 11 protons, the rate of inelastic beamgas interactions is expected to be about 100 Hz. The retention fraction for neon is estimated to be f good ≈ 0.02. The observed vertex distribution is a convolution of the physical beam with the detector resolution, that is, the knowledge of the beam-gas interaction position. Accordingly, the accuracy of the beam width measurement is determined by the vertex resolution. Considering the case where the shape of the beam as well as the vertex resolution can be described by a Gaussian function with a width of σ beam and σ vtx , respectively, the observed raw beam width can be described by σ 2 raw = σ 2 beam + σ 2 vtx . Denoting the uncertainty on a measured value by δ and assuming a negligible uncertainty on the observed width (δ σ raw → 0), the relative uncertainty on the beam width measurement can be expressed by
Both the knowledge of the resolution and a good resolution compared to the beam size are important to reach a precise measurement of the beam width. The vertex resolution depends on the number of tracks N Tr originating from a vertex and the impact parameter resolution σ IP expected for a track. To first order the vertex resolution can be expressed as σ 2 vtx = σ 2 IP / √ N Tr . The impact parameter depends on the multiple scattering σ MS and the extrapolation error σ extrap and is given by σ 2 IP = σ 2 MS + σ 2 extrap . The extrapolation error depends on the hit resolution of the detector and the distance between the tracking stations. The performance of different detector geometries was studied to optimise the acceptance, the track impact parameter and vertex resolution.
Beam-gas interactions were simulated with the LHCb Computing Framework and the HIJING Monte Carlo generator [14] . A full Monte Carlo simulation is being developed using the LHCb software framework (Gaudi) [15] . For the most challenging conditions, a relative uncertainty of about 10% in the bunch width is expected at 6.5 TeV with a normalized beam emittance of 3 µm (see [16] and the references therein).
Conclusion
Several luminosity calibration measurements were performed with the beam-gas imaging method at LHCb using a gas injection system. An uncertainty of 1.4% at √ s = 8 TeV was reached at LHCb with the BGI method [9] . This measurement is, to date, the most precise luminosity calibration at the LHC and in any other bunched-beam proton collider. The gas injection system not only allowed the reduction of the integration time, but also the increased rate allowed to perform a two-dimensional shape analysis that was necessary to describe the beam shape. Furthermore, measurements provided by the BGI method with the gas injection system such as the unbunched charge fraction, the beam shape and its correlations have been used by the LHC experiments (ATLAS, ALICE, CMS, LHCb) and by the LHC machine.
The success of the beam-gas imaging method at LHCb lead to the development of the BGV demonstrator for the LHC. The BGV detector is being prepared for an installation in the LHC in 2014 and the commissioning is planned for 2015. The results of the BGV demonstrator will be used for the development of a more advanced BGV system for the High Luminosity LHC upgrade project. Furthermore, the experience gained in the operation of the SciFi detector will be used to identify possible constraints and to assess the aging performance of the long and large SciFi modules for the LHCb tracker.
